Apart from creating many positive impacts, the growth of agribusiness has also generated concerns about the production of large amounts of undervalued by-products. Cheese whey and corn steep liquor (from corn flour production, a typical Brazilian food) are among these by-products that can be potential raw materials for obtaining new products such as bioethanol. The objective of this study was to apply an experimental design tool to examine different mixtures of cheese whey and corn steep liquor for the production of bioethanol. Between the worts studied, those containing 100 % corn steep liquor, and 25 % cheese whey with 75 % corn steep liquor supplemented with glucose were considered the best for the production of bioethanol, with fermentation efficiency reaching around 90 % for both of them. The use of pasteurization and antibiotics was effective in controlling lactic acid production, which results from bacterial contamination. The use of antibiotics showed advantages by reducing the maximum growth rate of yeast, which was reflected in higher rates of fermentation efficiency. The worts proposed allowed reaching ethanol productivity of up to 1.93 g L -1 h -1 .
INTRODUCTION
Petroleum is a finite source of energy and always involved with environmental degradation issues. Several studies suggest new sources of renewable energy to replace fossil fuels, and bioethanol production is one of the best alternatives (BAI; ANDERSON; MOO-YOUNG, 2008; BEHERA; MOHANTY; RAY, 2012; CARDONA; SÁNCHEZ, 2007) .
Bioethanol classified as being first-generation is derived from typical agricultural crops. The production of this type of bioethanol compromises the use of agricultural areas for food crops. In order to reduce this impact, bioethanol can be produced from alternative sources such as agro-industrial by-products. Although this seems very promising, the high cost of this type of fuel is a limiting factor in commercial use. Intensive scientific studies are needed to find a highly productive process by using inexpensive and renewable substrates, including food industry by-products such as corn steep liquor (CSL) and cheese whey (CW) (AMORIM et al., 2011; CHOI et al., 2010; DODIĆ et al., 2009; LEITE et al., 2008; MOREIRA et al., 2015) .
CSL is a major by-product of corn wet-milling. When obtained from corn starch production, CSL has a content of 40-50 % (w w -1 , dry matter) due to high technology manufacturing process and also contains sulphur dioxide. There are numerous scientific studies using this by-product in bioprocesses (CHOI et al., 2013; EDWINOLIVER et al., 2009; GAO et al., 2011; MADDIPATI et al., 2011) . However, corn wet-milling in Brazil is also used to obtain "Biju" corn flour, a typical and widely-consumed food in the country. In this form of processing there is no addition of sulphur dioxide and the CSL that is derived has about 8 % (w w -1 , dry matter). This type of CSL is produced in large volumes, around one liter per kilogram of corn processed, and there are no studies that indicate its possible uses (LOSS et al., 2009 ). Independent of the source, CSL is a low-cost and rich source of nitrogen, free amino acids, minerals, vitamins and other nutrients for most of the microorganisms used in bioprocesses (CHOI et al., 2013; EDWINOLIVER et al., 2009; GAO et al., 2011; LOSS et al., 2009; MADDIPATI et al., 2011; ) .
Cheese whey (CW) is the liquid by-product of milk coagulation in cheese production; it is generated in large quantities, around nine liters of CW per kilogram of processed cheese, and has a high organic load (chemical oxygen demand of 60-100.000 mg L -1 ), which is attributed to its high lactose content (70-75 %, dry matter) (CARVALHO; PRAZERES; RIVAS, 2013; . Besides lactose, CW also retains other milk nutrients, such as proteins, lipids, vitamins and minerals, and offers great potential for obtaining new products and use in bioprocesses (MOREIRA et al., 2015) .
Saccharomyces cerevisiae is the microorganism most used on alcoholic fermentation with high productivity index (CHANDRAKANT; BISARIA, 2000; ANTONI et al., 2007) . In Brazil, the use of baker's yeast in industrial alcohol production is very common due to its low cost and large availability (BASSO et al., 2008) . Carbohydrates comprise the main raw material (carbon source) for fermentation processes by S. cerevisiae. Nitrogen is also essential for the metabolism of the yeast being the second most common element in their growth (ARIAS-GIL; GARDE-CERDÁN; ANCÍN-AZPILICUETA, 2007) . Thus the mixture of the by-products CW and CSL, rich in carbohydrates and nitrogen, respectively, may result in a wort with the components required for high fermentation yields.
In the industrial production of bioethanol, bacterial contamination needs to be considered because it is responsible for causing damage to the process, generating secondary compounds such as organic acids, as well as competing for nutrients with the Saccharomyces sp. (NARENDRANATH; POWER, 2005) . Several methods, such as the use of antibiotics (COMPART et al., 2013) , antiseptics and physical treatments (BECKNER; IVEY; PHISTER, 2011; MUTHAIYAN; LIMAYEM; RICKE, 2011) are adopted to control contaminant bacteria. Typically, antibiotics used in alcoholic fermentation are effective against Gram-positive bacteria and considered to be viable because they do not require modifications in the techniques and equipment used on the process (HYNES et al., 1997; PRESSMAN, 1976) . Sodium monensin is a polyether ionophore antibiotic. Its antimicrobial activity occurs through changes in pH, causing disturbances in cellular processes and culminating in cell death (LOWICKI; HUCZYNSKI, 2013; PAREKH; VINCI; STROBEL, 2000; STROPPA et al., 2000) .
Therefore, the aim of this study was to test CW and CSL in the production of bioethanol using baker's yeast Saccharomyces cerevisiae, analyzing the efficiency of fermentation on a high-yield process, using experimental design and considering different ways for controlling contaminants (pasteurization and antibiotics).
MATERIALS AND METHODS

MATERIALS
The Corn Steep Liquor (CSL) used in this study was provided by a "Biju" corn flour factory (Irati, PR, Brazil; 25º 28' 02" S, 50º 39' 04" W) after 48 h of corn immersion in water (one liter of water per kilogram of corn). The cheese whey (CW) (pH 5.7 and acidity of 2.15 g L -1 in lactic acid) came from Camembert-type cheese processing and was provided by the Technological School of Milk and Cheeses of Campos Gerais (ETLQueijos), from the Department of Food Engineering of the State University of Ponta Grossa (Ponta Grossa, PR, Brazil; 25° 05' 42" S, 50° 09' 43" W). Twenty liters of each by-product were collected in plastic bottles and stored at -18 °C (Metalfrio, São Paulo, SP, Brazil) until further analysis.
CHARACTERIZATION OF BY-PRODUCTS
The physicochemical characterization of the by-products was achieved by the following analyses: pH; solid fraction and chemical oxygen demand (COD) according to the methods proposed by the American Public Health Association (APHA, 1998), lipids by Bligh-Dyer method (1959) , protein and total nitrogen by the Kjeldahl method and ash as described by the Official Methods of Analysis of the Association of Official Analytical Chemists (AOAC, 2000) . The CW used in this study was previously hydrolyzed with beta-galactosidase (Granolab S.A., Curitiba, PR, Brazil) following the manufacturer's instructions (pH 6.5, at 40 °C for 4 h). The determination of sugars and organic acids was performed by HPLC. A chromatographic system equipped with a quaternary pump (Waters Alliance 2695, Milford MA, USA), degasser, auto injector coupled with a diode array detector (DAD, Waters 2998, Milford, MA, USA) and a refractive index detector (RID, Waters 2414, Milford MA, USA) was used. The chromatographic data were obtained using the Empower 2® software. The samples were diluted as needed and filtered through a nylon syringe filter (0.22 μm). They were analyzed using an Aminex HPX-87H ion exchange column (300 × 7.8 mm) protected by a Cation-H Micro-Guard pre-column (Bio-Rad Laboratories Inc., Hercules, CA, USA) in isocratic conditions using as eluent a solution of 3 mM of sulfuric acid prepared in ultrapure water (Milli-Q Integral®, Millipore, São Paulo, SP, Brazil) and filtered through a 0.45 μm nylon membrane. The injection volume was 10 μL at a flow rate of 0.5 mL min -1
. The column and refractive index detector were maintained at 30 °C. The samples were compared with the retention times of reference standards. The amino acids were determined by HPLC using a chromatographic system (Alliance 2695, Waters, Milford, MA, USA) equipped with multi fluorescence (Waters 2475, Milford MA, USA) and a Pico Tag column (3.9 X 150 mm). The analysis was performed according to AccQTagTM methodology using the complete Waters kit.
EXPERIMENTAL DESIGN
The simplex-centroid experimental design applied to a mixture of two components was obtained by using Statistica 10.0 (StatSoft, Tulsa, OK, USA) software. The simplex-centroid design for binary mixtures was used to evaluate the performance of the by-products in order to obtain the best ethanol yield ( Table 1 ).
The content of fermentable sugars was adjusted to approximately 100 g L -1 using glucose (both glucose and galactose available on the by-products were considered). An inoculum of 6 g L -1 S. cerevisiae (dried baker's yeast, Fleischmann, Jundiaí, SP, Brazil) was employed. The experiments were performed in anaerobic fermenters (Erlenmeyer flasks) with 50 mL of previously pasteurized wort (60 °C/30 min) in order to control microbial contamination. After inoculation the system was appropriately homogenized and kept under anaerobic conditions. The fermentation time was monitored by weighing the flasks at predetermined time intervals (30 minutes), indicating the weight loss resulting from the carbon dioxide that was released (ALBERTI et al., 2011; ROGER et al., 2002) . At the end of fermentation, a centrifuge (Hettich Rotina 420R, Tuttlingen, Germany) was used in order to recover the product and to remove the yeast cells (12000˟g at 10 °C, for ten minutes). Cell biomass was quantified gravimetrically after washing the pellet for three times with deionized water and drying at 105 ° C for 24 hours.
ETHANOL ANALYSIS
Twenty five milliliters were sampled from the fermenters and distilled in a micro-distiller (TE-012, TECNAL, São Paulo, SP, Brazil). Then, 3 mL of distilled sample was analyzed in a digital density meter (Anton Paar DMA 4500 M, Graz, Austria), which provided density (g cm-3, with precision of 0.00001 g cm-3) for calculating the ethanol content (% v v -1 ).
FERMENTATION KINETICS
The mixtures that showed the best results for efficiency after experimental design were used for the determination of the fermentation kinetics. The fermenters were weighed every thirty minutes during 27 hours of fermentation. The samples were removed every 4.5 hours, totaling seven points for analysis. The kinetic parameters of the fermentation were calculated. For the cell concentration produced (X = Xf -X0, in g dry-matter L ) and ethanol produced (P = Pf -P0, g L -1
) were considered the differences between initial (X0, S0, P0) and final concentrations (Xf, Sf, Pf). The ethanol productivity (g L -1 h -1
) was calculated as ethanol produced by time. Conversion factor of substrate to biomass (YX/S) and conversion factor of substrate to ethanol (YP/S) according Equations 1 and 2:
The fermentation efficiency (%) was calculated based on the theoretical yield from the Gay-Lussac equation (100 g 
The maximum specific growth rates (µmax) were determined by the construction of a graph: ln X/X0 (Napierian logarithm of yeast concentration in exponential growth phase, where X and X0 are the final and initial cell concentrations, respectively) versus time. The µmax (h -1 ) value was found by the slope adjustment of the experimental data in the exponential growth phase. With these data a kinetic curve was obtained for the study of the fermentation process using an unstructured mathematical model that considered four variables: the concentration of cells (biomass); the substrate concentration; the product concentration; and the evolution of carbon dioxide.
CONTROL OF CONTAMINANTS
One of the main problems observed in bioethanol production is bacterial contamination, mainly by lactic acid bacteria. Thus, the behavior of the fermentation kinetics was evaluated using the antibiotic sodium monensin (Phibro Maxx -Phibro Ethanol Performance Group®, Guarulhos, SP, Brazil). This was previously dissolved in ethanol and 5 ppm was added to fifty milliliters of wort, which was the concentration recommended by the supplier. Total lactic acid produced was the indicator of the level of contamination during all the experiment.
STATISTICAL ANALYSIS
Allexperimental datawere obtainedin triplicateandpresented as mean valueswith standard deviation. The software Statistica 10.0 (StatSoft, Tulsa, OK, USA) was used to check the normality of the experimental data by considering the Shapiro-Wilk test. When the data did not follow a normal distribution, the Box-Cox transformation was used (data not shown). We also evaluated the homogeneity of variance by using the Brown-Forsythe test. The parametric data (normal and homogeneous) were then assessed by analysis of variance (ANOVAp value <0.05 was considered significant), followed by Fisher's LSD test to compare means.
RESULTS AND DISCUSSION
PHYSICOCHEMICAL COMPOSITION
The physicochemical characteristics of the by-products CSL and CW are displayed in Table 2 . The physicochemical composition and COD values were in accordance with the values found by several authors for CW (PRAZERES; CARVALHO; RIVAS, 2012; SADDOUD; HASSAIRI; SAYADI, 2007; Yasmin et al., 2013) . Variations in the CW composition can be assigned to milk composition and/or the different processing and manipulation techniques used by dairies (ALSAED et al., 2013) . The enzymatic hydrolysis applied had 66 % of efficiency in the conversion of lactose to glucose and galactose. After hydrolysis the sugar composition of CW was 15.60 g L -1 of lactose; 19.40 g L -1 of glucose and 13.52 g L -1 of galactose. The results of the physicochemical analyses of CSL from "Biju" corn flour production found in this study were in line with those reported by Loss et al. (2009) (Table 2 ). The pH of this by-product remains low due to the formation of organic acids by microorganisms, particularly species of the Lactobacillus genus from corn steep, even in acidic pH conditions (YANG et al., 2013) . Although deficient in carbohydrates CSL is a complex broth that contains multiple nitrogen components, protein and non-protein, and is an excellent source of organic nitrogen and minerals, such as sodium and potassium, for use in bioprocess.
The contents of nitrogen, protein and amino acids (Table 2 ) of the byproducts were analyzed to evaluate their potential as nitrogen sources for fermentation. Both by-products are rich in ammonia nitrogen, which is also consumed by S. cerevisiae and may delay or reduce the consumption of several amino acids, stimulating yeast growth (GAO; YUAN, 2011; JIRANEK; LANGRIDGE; HENSCHKE, 1995; VILANOVA et al., 2007; XI et al., 2013) . The CW showed high levels of isoleucine, threonine and glutamate amino acids, whereas cysteine was not detected, in line with results reported in the literature (YASMIN et al., 2013) . The CSL had proline and alanine as the predominant amino acids with low concentrations of valine and absence of isoleucine. The amino acids in CSL have an important role as nutritional components of basic metabolism. Alanine present in CSL and isoleucine present in CW are the most demanded amino acids for cell growth in bioprocesses, revealing the potential of these by-products as low-cost raw materials to be used in bioprocesses (GAO; YUAN, 2011; CHOI et al., 2013; XIAO et al., 2013) .
EXPERIMENTAL DESIGN
Experimental design is a mathematical tool for predicting response variable with respect to input parameters (BRUNS; SCARMINO; BARROS, 2006; RAJA; MANISEKAR; MANIKANDAN, 2014). In Table 3 ) and fermentation efficiency (%).
In practice, by applying the experimental design greater efficiency was reached for the experiment with CSL and there was a low yield for the experiment that contained only CW. The low yield of ethanol production on experiments with only CW can be attributed to the presence of galactose that is slowly consumed by the yeast. Even in other studies with modified microorganisms, the use of CW without nitrogen supplementation resulted in low ethanol yields, and the addition of nitrogen to the wort (as was considered in the present study with use of CSL) can substantially increase yields (LEITE et al., 2000) . The ethanol content (Table 3) was significantly higher for the experiments containing only CSL and the experiment containing 25 % of CW; consequently, they had greater values for fermentation efficiency and productivity. A high concentration of yeast has a positive effect, with higher ethanol production rates, whereas in low concentrations the yeast be exhausted, requiring regeneration even before consuming all the available substrate (OSUNKOYA; OKWUDINKA, 2011). . Using the same substrates supplemented with 10 g L -1 of CSL the productivity was 1.22 and 0.57 g L -1 h -1 , respectively, indicating that the nutrients from CSL, emphasizing the contents of amino acids (Table 2) , accelerated the fermentation, due to nitrogen used for growing of yeast. The higher concentration of sugar had a negative effect on the performance of the yeast, due to osmotic stress (SILVA et al., 2013) . The data from experimental design were statistically analyzed using analysis of variance (ANOVA). Lack of fit must be not significant (p > 0.05) and determination coefficient (r²) considered adequate for biological processes (where r² ≥ 0.70 is acceptable) (LUNDSTEDT et al., 1998) . The determination coefficient (r²) explained 81 to 99 % of total variance of the responses, confirming the suitability of the model, however, the assessment of all the parameters to indicate this suitability was necessary (BEZERRA et al., 2008; GRANATO; CALADO; JARVIS, 2014; LUNDSTEDT et al., 1998) . Thus, the model presented a satisfactory adjustment; considering all the factors the r² and adjusted determination coefficient (r²adj) values were greater than 0.85. The model was also considered predictive and it can be used to optimize the fermentation process in order to maximize the fermentation efficiency. The coefficients of the linear model, where Y was the expected response (fermentation efficiency) and X1 and X2 were the independent variables (BRUNS; SCARMINO; BARROS, 2006) 
The simultaneous optimization method (DERRINGER; SUICH, 1980) was applied for maximum fermentation efficiency, and the best results for ethanol production using the by-products were obtained in the experiment that only contained CSL. To validate the model, the optimal conditions were applied using the same procedures that had been used previously and a comparison was made between the theoretical data provided by the model and the experimental data.
However, due to the lack of statistical difference between the fermentation efficiency and productivity yield of the points containing 100 % CSL and those containing 25 % CW and 75 % CSL (as shown in Table 3 ) it was decided develop the fermentation kinetics considering both points. From here on, those experiments will be referred to as Experiment 1 (100 % CSL) and Experiment 2 (25 % CW with 75 % CSL). Furthermore, the fermentation kinetics was also assessed when pasteurization was replaced by antibiotic treatment (sodium monensin) as the contaminant control. The theoretical values obtained for the efficiency of fermentation of Experiments 1 and 2 were 92.02 % and 87.81 %, respectively after the repetition of the experiments. When the theoretical and practical values were compared, both of them had low values for the absolute error (< 2 %), indicating that this model can be used for predictive purposes.
FERMENTATION KINETICS
The fermentation was monitored by weight loss, indicating the amount of carbon dioxide (CO2) released during the process, as can be seen in Figure 1. analysis of the experimental points. During fermentation, carbon dioxide is formed from the conversion of carbohydrates present in the wort. Glucose (C6H12O6) is converted into two molecules of carbon dioxide (CO2) and two of ethanol (C2H6O) (ANTONI et al., 2007) . For this reason, it is possible to use the liberation of carbon dioxide as a parameter to monitor the fermentation process. In the carbon dioxide release curve the three phases in the fermentation process can be observed (Fig. 1) : the preliminary phase (between 0 and 4.5 h); the tumultuous phase (between 4.5 and 18 h) and the final phase (after 18 h). During the tumultuous phase greater carbon dioxide release occurs and the glucose is quickly consumed by the yeast, which consequently results in greater ethanol production. The curve representing the wort containing 25 % whey (Experiment 2) reached the final phase in a shorter time and had a lower carbon dioxide release than the wort with 100 % corn steep liquor (Experiment 1). This fact can be related with the presence of galactose in this wort, since itis consumed by S. cerevisiae but at lower rates, even after the exhaustion of glucose (MEHAIA; CHERYAN, 1990; PARK et al., 2014) . To evaluate the fermentation kinetics, the following variables were considered: the amount of substrate transformed or utilized by the yeast; the variation of biomass concentration and the amount of product formed. These data, when plotted as a function of fermentation time, represented the kinetics of the process, as shown in Figure 2 .
Nitrogen consumption during fermentation is directly associated with the growth phase and the maximum yeast population (ALBERTI et al., 2011) . In the present study, it was observed that after 18 hours of fermentation, when the log phase ended, the nitrogen consumption was nearly zero (Fig. 2) . The same behavior was observed for the consumption of sugar and for the generation of ethanol; they were maximum in the tumultuous phase and remained practically stable after 18 hours of fermentation (Fig. 2) . In terms of the fermentative kinetics, when using sodium monensin the profile of sugar and nitrogen consumption, as well as that of the biomass and ethanol production, was similar to that of the pasteurized wort.
For both experiments the production of lactic acid (Fig. 2 ) occurred in the first hours of fermentation, in the preliminary phase, when the yeast was still adjusting to the wort to produce ethanol, and then, in the log phase, the lactic acid concentration became constant. According to Stroppa et al. (2000) sodium monensin reduces the load of lactic acid bacteria, which are present in the wort, approximately during the first six hours of fermentation. This may explain the longer duration of the preliminary phase, regarding carbon dioxide release (Fig.  1a) if compared to the same experiment using pasteurization (Fig. 1b) . The preliminary phase proportionally increases the initial and produced lactic acid concentration of the wort (ABBOTT; INGLEDEW, 2004).
According to Makanjuola; Tymon and Springham (1992) contamination by bacteria inhibits the production of ethanol not only because they compete with yeasts for sugars, but also because they render the yeast incapable of making full use of the sugars. With the use of sodium monensin, lower levels of lactic acid were achieved, which is desirable. Without the application of any treatment against contaminants, after 27 hours the acidity of the worts reached 7.63 g L -1 and 7.28 g L -1 of lactic acid for Experiment 1 and Experiment 2, respectively. There was no ethanol production from any of the worts (data not shown).
Comparing the fermentation parameters (Table 4) , the wort containing 100 % CSL had the best results regarding fermentation efficiency, with a higher conversion of sugar to ethanol. However, the wort containing 25 % CW and 75 % CSL also presented favorable results. According to Dien; Cotta and Jeffries (2003) the traits necessary for industrial ethanol production from microorganism are: ethanol yield greater than 90 % from theoretical, ethanol tolerance superior a 40 g L -1
, productivity greater than 1 g L -1 h -1
, among other features. In all the experiments carried out in the present study these characteristics were achieved.
Other studies also suggested high productivities in alternative worts supplemented with CSL (DIEN; COTTA; JEFFRIES, 2003). The µmax was obtained by linear regression and considering the range between 9 and 18 hours of fermentation, which corresponded to the exponential growth phase. The µmax was greater in the pasteurized wort (0.07 h -1 for Experiment 1 and 0.05 h -1 for Experiment 2) than when the antibiotics were added (0.02 h -1 for Experiment 1 and 0.03 h -1 for Experiment 2). Thus, the use of antibiotics reduced the µmax., which is interesting because according to some studies, smaller values of µmax result in high ethanol yields (BASSO et al., 2008; BASSO et al., 2011; BOENDER et al., 2009 ). The smaller value of µmax was reflected directly in the efficiency of the fermentation and the process. Table 4 demonstrates that the worts treated with antibiotics showed a greater efficiency than the correspondent pasteurized worts. Comparing the different experiments, the wort containing 100 % CSL presented better results than the wort containing 25 % CW. Note: PAST: pasteurization; SO MO: Sodium Monensin; *evaluated after 27 h of fermentation ** Probability value from Brown-Forsythe test for homogeneity of variance; *** Probability value from one-factor ANOVA; **** Different letters in the same line represent significant difference according to Fisher LSD test (p<0.05).
The use of alternative antimicrobials such as antibiotics may have a positive effect on both the improvement of fermentation efficiency and the economic value of bioethanol production because they are effective against most contaminants in industrial fermentation systems carried out by conventional yeast (MUTHAIYAN; LIMAYEM; RICKE, 2011) . Furthermore, treatments such as pasteurization require different installations, high-cost energy for heating and cooling the wort before inoculation. The use of antibiotics requires small dosages to be effective against contaminants and the treatment of the wort can be done inside fermentation tanks without need to adapt the production plant. The residual biomass and wort of both processes can be employed for animal feed as long as the concentration of residual monensin is controlled. Monensin is used extensively as a promoter of growth, mainly in cattle, suggesting therefore a use of the entire biomass generated in the process.
CONCLUSION
CW and CSL presented nutrients that can be used by S. cerevisiae yeast in alcoholic fermentation. By considering the experimental design for the binary mixture it was observed that the increase in fermentation efficiency was proportional to the presence of CSL in the wort. All the experiments were considered to be highly efficient and highly productive, reaching a maximum efficiency regarding ethanol of 93.85 %. Both pasteurization and the use of antibiotics to control contaminants in the fermentation were effective, and in the case of antibiotics, the application was simple, being added directly in the fermentation tank.
